The gene pool of influenza A viruses in aquatic birds provides all of the genetic diversity required for human and lower animals. Host range selection of the receptor binding specificity of the influenza virus hemagglutinin occurs during maintenance of the virus in different host cells that express different receptor sialo-sugar chains. In this paper, functional roles of the hemagglutinin and neuraminidase spikes of influenza viruses are described in the relation to 1) host range of influenza viruses, 2) receptor binding specificity of human and other animal influenza viruses, 3) recognition of sialyl sugar chains by Spanish influenza virus hemagglutinin, 4) highly pathogenic and potentially pandemic H5N1, H9N2, and H7N7 avian influenza viruses and molecular mechanism of host range variation of influenza viruses, 5) role of the neuraminidase spike for the host range of influenza viruses, and 6) Development of anti-influenza drugs.
INTRODUCTION
In 1942, Hirst 1) found that chicken erythrocytes were agglutinated when the cells were mixed with influenza virus at 4°C and that the agglutinated cells were eluted spontaneously when the temperature was raised to 37°C. The washed cells once eluted from the virus were never agglutinated by a newly added influenza virus. This phenomenon made him to introduce a new concept that a specific receptor for the influenza virus is present in the erythrocyte membrane and binds to the viral hemagglutinin at 4°C and also that the virus has an enzyme that destroys the receptor on the host cell surface at 37°C. A receptor-destroying enzyme was found in the culture filtrate of Vibrio cholerae by Burnet's group, 2) and was later identified as sialidase by Gottschalk's group. 3, 4) Influenza virus hemagglutinin and sialidase have different functions in viral infection, but both molecules commonly recognize the glycoconjugates that contain sialic acid, and the mechanisms by which sialo-sugar chains are recognized by influenza viruses have therefore been a very interesting target as a model to study the receptor and biological ligand interaction that is mediated by sialo-sugar chains in cell membranes. 5, 6) INFLUENZA AND INFLUENZA VIRUSES Influenza epidemics cause severe respiratory illness in 30000000-5000000 people and kill 250000 to 500000 people worldwide every year, and a pandemic could result in millions of deaths. The Spanish influenza pandemic of 1918-19 was the most devastating outbreak of infectious disease in recorded history. At least 20 million people died from the influenza, which was characterized by an unusually severe and rapid clinical course. 7) It killed annually high number of young adults. [8] [9] [10] Influenza viruses are classified into three types (species), A, B and C, on the basis of identity of the major internal protein antigens such as nucleoprotein (NP) and matrix proteins (M1). Influenza A viruses are the most virulent of the three and cause severe and fatal acute respiratory disease, which is epidemic and sometimes worldwide pandemic. 5, 6) Influenza A viruses have been isolated from humans and various animals, including pigs, horses, sea mammals such as seals and whales, wild waterfowl, including ducks, and poultry. 11) Influenza B and C viruses have mainly been isolated from humans, although B virus was isolated from a seal in Netherlands in 2000. 12) The gene pool of influenza A viruses in aquatic birds provides all of the genetic diversity required for the emergence of pandemic influenza viruses for humans, lower animals and birds, but influenza B and C viruses cause local epidemics in human. Among animals, wild waterfowls are the major reservoir of influenza viruses, and all influenza viruses in other animal species are thought to be derived from these birds.
11) Evolution of influenza viruses occurs by a number of different mechanisms, including point mutations (antigenic drift) and gene reassortment (antigenic shift). In fact, the causative viruses of the 1957 Asian and 1968 Hong Kong pandemic influenza A strains were found to be reassortant viruses between human and avian influenza viruses, indicating the introduction of avian virus hemagglutinin genes into the human population. Mutations, including substitutions, deletions and insertions, are some of the main mechanisms by which variation in influenza viruses is produced. The lack of proofreading among RNA polymerases contributes to replication errors of the order of 1 in 10 4 bases. 13, 14) This is in contrast to the much higher degree of replication fidelity found among DNA polymerases, i.e., errors of 1 in 10 9 bases per replication cycle. Each round of RNA virus replication results in a mixed population with many variants, most of which are not viable but some of which have potentially advantageous mutations that can become dominant under the right selective conditions. Since influenza viruses have segmented genomes, reassortment is an important mechanism for producing diversity very rapidly; it occurs in influenza A viruses in nature and is important in the appearance of pandemics in human populations. In the past century there have been at least four pandemics, the Spanish (1918), Asian (1957), Hong Kong (1968) and Russian (1971) pandemics, caused by reassortment between humans and animals, especially aquatic avian influenza virus hemagglutinin and siali-dase. All subtypes of the hemagglutinin spike, H1 to H15, and neuraminidase spike, N1 to N9, are maintained in the avian world. [In this review, the term "neuraminidase" is used as a name of the spike of influenza viruses and the term of "sialidase" (acyl neuraminylhydrolase) is used as an enzyme (EC 3.2.1.18) activity of the neuraminidase spike.]
SIALIC ACIDS AND RECEPTOR BINDING SPECI-FICITY OF INFLUENZA VIRUS
The sialic acids (SAs) are typically found at the outermost ends of N-glycans, O-glycans and glycosphingolipids. They are subject to a wide variety of modifications. The 5-carbon position commonly outermost ends of N-glycans, O-glycans and glycosphingolipids has an N-acetyl group (giving Neu5Ac) or a hydroxyl group (as in KDN). The 5-N-acetyl group can also be hydroxylated, giving 5-N-glycolylneuraminic acid (Neu5Gc). These molecules have the potential for additional substitutions at the hydroxyl groups (-OH) on the 4, 7, 8, 9-carbons (O-acetyl, O-methyl, O-sulfate, and phosphate groups). Further diversity in sialic acid presentation is generated by different a-linkages from the 2-carbon to the underlying sugar chain. The most common sialylterminals are to SA2-3Galb-(2-3) and SA2-6Galb1-(2-6). 15) These structural diversities of sialic acids can modify the recognition by a variety of sialic acid-binding lectins, such as influenza virus hemagglutinin.
Influenza viruses bind to sialyl sugar chain receptors on the host cell membranes. In nature, at least 40 molecular species, including Neu5Ac, Neu5Gc and several kinds of Oacetylated Neu5Ac, have been reported. 15 ) Among them, two major molecular species, Neu5Ac and Neu5Gc, are important for influenza A and influenza B virus infections. After determining the binding specificity of more than 100 native and synthetic sialyl sugar chains, we found that the dominant receptors of influenza A and B viruses were sialylglycoproteins and gangliosides containing monosialo-lactosamine types I and II, SAa2-3(6)Galb1-3(4)GlcNAcb1-. [16] [17] [18] [19] [20] [21] One terminal sialic acid is necessary, but tandem sequences of sialic acid and also sialic acid linked to an internal galactose in a sugar chain, such as GM1 and GM2 gangliosides, are not recognized. 17, 19) Influenza viruses specifically recognize selected sialyl sugar chains and molecular species of sialic acid. Group B Streptococcus that expresses Neu5Aca2-3Galb1-4GlcNAcb1-residue was agglutinated at 4°C and eluted at 37°C by influenza viruses that have Neu5Aca2-3Galb1-4GlcNAcb1-binding specificity, 22, 23) indicating that the sialyllactosamine residues function as endogenous receptors for influenza viruses.
We determined the receptor-binding specificity of human, swine, avian and equine influenza A viruses and also the sialyl linkage present on the cells of host target organs, trachea epithelium for humans, pigs and horses and intestinal mucosa for birds, using lectins that recognize sialyllinkages 2-3 or 2-6. Human influenza viruses isolated from MDCK cells bind the Neu5Ac2-6Gal sequence, but equine and avian viruses bind 2-3 predominantly. [24] [25] [26] Interestingly, swine viruses bind both 2-6 and 2-3, equally or with a predominance toward 2-6. [24] [25] [26] Human trachea expresses sialyl 2-6Gal significantly, 27) while horse trachea and duck intestinal mucosa express 2-3. In contrast, pig trachea expresses both 2-3 and 2-6 linkages. 21, 24, 26, 28, 29) Due to their ability to support replication of both avian and human influenza viruses, pigs have been implicated as intermediate hosts, serving as mixing vessels for avian and human viruses. As indicated by previous data, the availability of receptors, such as 2-3 and 2-6 moieties, in host animals correlates with the receptor specificity of influenza viruses from those host animals, suggesting that receptor specificity is an important determinant of the host range restriction of influenza viruses. [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [28] [29] [30] Human 31) B/Gifu/2/73, a novel strain, binds to both Neu5Ac2-3Gal and Neu5Ac2-6Gal linkages of sialyllacto-series sugar chains. 32) Six amino acid substitutes in the HA1 subunit were detected between B/Gifu/2/73 and other B strains tested, indicating that these amino acid changes in the HA1 subunit of B/Gifu/2/73 may play an important role in recognition of Neu5Ac2-3Gal and Neu5Ac2-6Gal linkages in the receptor sialo-sugar chains for influenza B viruses. 32) We found at least two possible mechanisms for host range variation of influenza A viruses, i.e., (1) selection due to the presence of antibody in the host 33) and (2) selection by the host cell receptor based on the type of sialylsugar chains of host cell receptors. 24, 26, 28) A single amino acid substitution in the viral hemagglutinin changes the binding specificity to sialyl linkages Neu5Ac2-3Gal (Ac2-3) and Neu5Ac2-6Gal (Ac2-6). Ser 205 is located in the antgenic site D of H3 hemagglutinin. Although distant from the receptor binding site, this amino acid is proximate to the receptor-binding site of the next subunit. Substitution of the Ser to bulky amino acid Tyr results in a change in receptor-binding specificity from 2-3 to 2-6. This amino acid substitution can be generated experimentally using antibodies directed against the viral hemagglutinin. 33) We also found that when amino acid Leu 226, located in the receptor binding pocket, is substituted to Gln, a dramatic change in receptor binding specificity from 2-6 to 2-3 occurred. This has been demonstrated experimentally by culturing influenza isolates from human trachea with 2-6 specificity in the allantoic membrane of embryonated chicken eggs that have sialyl2-3Gal receptor.
24) The viruses maintained high SA2-6Gal specificities when grown in MDCK cells or following up to two amniotic passages; however, further passages in either the amnion or allantois resulted in the acquisition of, or a complete shift to, SA2-3Gal specificity, depending on the virus strain. This change in receptor specificity was accompanied by appearance of variants in the population with Leu-to-Gln mutation at position 226 in their HA. 24) These results indicate that the amino acid 205 at an antigenic site and amino acid 226 in the receptor binding pocket are critical for recognition and regulation of receptor binding specificity, 2-3 and 2-6. If these single amino acid alterations occurred in host animals in nature, the virus would acquire a new receptor-binding specificity, allowing the infection to spread to different animal species. This may be an important mechanism for host-mediated variation, the transmission of influenza virus between different hosts, as well as the emergence of new subtypes of influenza viruses in the human population. Amino acid 226 is located on the left edge of the receptor-binding pocket of H3 hemagglutinin, which is near the glycosidic linkage of the receptor sialyl linkage. It is therefore reasonable that alteration of this amino acid alone caused change is the specificity from 2-6 to 2-3 sialyl linkages.
The sialic acid species in the target organs for influenza viruses were determined. Humans have no Neu5Gc species in tissues or cells, but pig and horse trachea epithelial cells, which are targets for influenza A viruses, contain large amounts of Neu5Gc. We also found Neu5Gc in duck intestinal epithelial cells. 26) Analysis of intestinal cells of the duck and chicken and MDCK cells using anti Gc-GM3 ganglioside (hematoside) antibody, which recognizes Gc2-3Gal but not Ac2-3Gal, confirmed the location of Gc2-3Gal in the target organs and cells. The antibody failed to react with chicken intestine, which lacks Gc, but did react with Gc-containing MDCK cells. Crypt cells of the duck colon epithelium reacted strongly with the antiserum, demonstrating the presence of Neu5Gc. Epithelial cells of the duck jejunum and cecum were also positive, though to a lesser extent, but those of the duodenum were not, suggesting that much higher concentrations of Gc are present in the lower intestine of ducks. The molar ratio of Ac and Gc in the sample of epithelial cells obtained by EDTA treatment of the duck intestine was 98 : 2, indicating that epitherial cells in the duck intestine contain Gc2-3Gal, albeit as a minor species. It is generally believed that replication of avian influenza viruses in humans is restricted by a poor fit of these viruses to cellular receptors and extracellular inhibitors in the human respiratory tract. However, the mechanisms of this restriction remain obscure. Matrosovich et al. 34) demonstrated that influenza viruses enter the airway epithelium through specific target cells and that there are striking differences between human and avian viruses. During the course of a single-cycle infection, human viruses preferentially infected non-ciliated cells, whereas avian viruses, as well as an egg-adapted human virus variant with an avian virus-like receptor specificity, mainly infected ciliated cells. This pattern correlated with the predominant localization of receptors for human viruses (2-6-linked sialic acids) on non-ciliated cells and that of receptors for avian viruses (2-3-linked sialic acids) on ciliated cells.
We examined whether duck viruses universally bind Gc2-3Gal.
26) All 4 duck viruses except A/duck/Ukraine/1/ 63(H3N8) representing a variety of HA subtypes, recognized Gc2-3Gal, Since duck/Ukraine virus has been passaged extensively for long years in chicken eggs, that lack Neu5Gc, this altered specificity may be a result of egg adaptation and may explain why the virus no longer replicates well in ducks. In contrast, other duck viruses with substantial ability to recognize Gc2-3Gal replicated well in the duck intestine (with titers of 10 4 EID50), and progeny viruses were isolated from their feces. The human isolate Udorn (H3 subtype) preferentially bound Ac2-6Gal, whereas the isolate Mallard/NY bound to all three sialyl-Gal moieties of gangliosides tested, (Gc2-3Gal, Ac2-3Gal and Ac2-6Gal, in that order of preference). To determine the molecular basis for these differences in specificity, we prepared reassortant viruses containing HAs with amino acid substitution at 226, Leu-to-Gln substitution only at both 226, Leu-to-Gln substitution and 228 Ser to Gly. The mutation from Leu to Gln at 226 (R3 virus) shifted the specificity of the human Udorn virus HA from Ac2-6Gal to Ac2-3Gal. However, the R3 virus still preferentially recognized Ac2-3 and marginally recognized Gc2-3. Surprisingly, an additional mutation from Ser to Gly at 228 (R2) resulted in approximately equal recognition of Ac2-3 and Gc2-3. Thus, amino acids 226 and 228 in the viral hemagglutinin are important for receptor binding specificity and can be manipulated to change the receptor specificity of human influenza viruses.
In the case of horses, we found that more than 90% of the sialic acid in epithelial cells of the horse trachea is Neu5Gc, while the remaining proportion is Neu5Ac. The anti Gc2-3Gal antiserum bound to epithelial cells lining the horse trachea but not to those of the chicken trachea, which lack Neu5Gc. We found that influenza viruses isolated from horses bind to Neu5Gc2-3Gal and Neu5Ac2-3Gal, whereas the human isolate PR/8/34 did not bind to Neu5Gc GM3, indicating that influenza viruses isolated from Neu5Gc-containing hosts bind to Neu5Gc-containing receptor sugar chains.
We also demonstrated that Gc2-3Gal recognition is essential for viral replication in horses. 28) The human isolate A/Udorn/307/72 (H3N2) (Udorn) preferentially binds to Ac2-6Gal, but not to Ac2-3 or Gc2-3Gal. The following reassortant viruses possesing Udorn HA and the remainder of genes from an equine virus, A/equine/Kentucky/1/91(H3N8) (Eq/Ky), were generated: 1) Udorn-Eq/Ky virus containing the human virus, Udorn HA; 2) Leu226Gln-Eq/Ky virus containing Udorn Leu226Gln mutant HA; and 3) Leu226Gln/ Ser228Gly-Eq/Ky, containing the Udorn HA possessing alterations at both 226 and 228. Ponies were experimentally infected with 107EID50 of aerosolized virus. Viruses were recovered from nasal swabs, taken daily inoculating by the swab suspensions into embryonated eggs. Eq/Ky virus, whose HA recognizes not only Ac2-3Gal but also Gc2-3Gal, replicated for up to one week (for 5 d in 3 ponies and for 8 d in one pony) with a high titer on day 2. In contrast, the Udorn-Eq/Ky virus, whose HA preferentially recognizes Ac2-6Gal over the Gc2-3Gal moiety, did not replicate in ponies at all, indicating an essential contribution of HA to host range restriction. Interestingly, the Leu226Gln-Eq/Ky virus, whose HA preferentially recognizes SA2-3Gal with Neu5Ac, while binding much less avidly to the Neu5Gc moiety, replicated in one of the three ponies tested but for only 2 d. However, the Leu226Gln/Ser228Gly-Eq/Ky virus, whose HA recognizes both Ac2-3Gal and Gc2-3Gal, replicated in all three ponies tested for as long as one week, with titers ranging from 10 1.8 to 10 3.8 EID50. These findings demonstrate that recognition of the Gc2-3Gal moiety is critical for the efficient replication of influenza A viruses in horses and also in ducks. The above results described are evidence of the biologic effect of different sialic acid species in different animals. 26, 28) SPANISH INFLUENZA VIRUS HEMAGGLUTININ REC-OGNIZES HUMAN NEU5Aca2-6Gal RECEPTORS The origin of the 1918 Spanish influenza virus is still not clear. Taubenberger's group analyzed short fragments of RNA from the tissues of 1918 victims. 35, 36) Sequence and phylogenetic analyses of the HA, NA, and nonstructural (NS) gene segments of these samples suggested that an avian influenza virus was transmitted to humans and pigs, developing separate lineages before 1918. The data suggest that it seems to be similar to the bird flu that emerged in Hong Kong in 1997.
37) The complete sequencing of several genes of the 1918 influenza virus has made it possible to study the functions of the proteins encoded by these genes in viruses generated by reverse genetics, a technique that permits the generation of infectious viruses entirely from cloned complementary DNA. 38) To identify properties of the 1918 pandemic influenza A strain, we produced viruses that contain the viral hemagglutinin and neuraminidase genes of the 1918 strain.
7)
The 1918 virus is thought to have originated from an avian source. Hence, the relative ability of HA to recognize the preferred receptor species of human viruses-sialic acid bound to a neighbouring galactose by an a2-6 linkage (Neu5Aca2-6Gal) in contrast to the preferred avian virus receptor, Neu5Ac2-3Gal-is thought to affect its ability to infect humans and cause disease. Using a competitive binding assay, we showed that the HA of the 1918 strain preferen-tially recognizes Neu5Aca2-6Gal. Although humans possess both types of receptor species in respiratory epithelia 34) and susceptible to infection with viruses bearing HA proteins of either receptor specificity, all of the human viruses studied thus far preferentially recognize Neu5Aca2-6Gal over Neu5Aca2-3Gal. Thus, our data suggest that the virus that eventually became the 1918 pandemic strain must have circulated in humans or possibly another adaptive host such as pigs with human-type receptors for a sufficient time to develop a preference for the human sialyl sugar chain receptors. This model is supported by the recent determination of the crystal structure of HA of the 1918 strain 39, 40) which indicates that the protein would preferentially bind to the human receptor. Pigs have receptors for both human and avian influenza viruses 28, 29) and can be infected by both human and avian viruses, and pigs are animals that live in close contact with both human and birds in nature. Pigs have been the "mixing vessel" 41) resulting in new mutants that can infect humans. Although the same lineages of virus subtypes (H1N1, H3N2) as those of humans are maintained in pigs, pigs have more genetically diverse subtypes of influenza A viruses. Avianlike Swine H1N1 which emerged during late 1970s in Europe, is antigenically and genetically distinct from the classic H1N1 virus. 42) Another lineage, human-like swine viruses, appeared in pigs in the United States during the latter part of the 1990s, 43) indicating that pigs may play a role as mixing vessels of human, avian and other different origins. 28, 29, 41) In 1997, an H5N1 avian influenza A virus was transmitted directly from chickens to humans in Hong Kong, killing 6 of the 18 people infected (33% motality rate). [44] [45] [46] [47] [48] Fortunately, human to human transmission of the H5N1 virus in Hong Kong seemed to be rare. The 1997 H5N1 bird flu was once eradicated by the culling of all poultry in Hong Kong. However, the donor of the hemagglutinin gene in the 1997 H5N1 strain (A/goose/Guangdong/1/96 [H5N1]) continued to circulate in geese in southeastern China, 49, 50) and this virus was soon replaced by different genotypes 51) that were highly pathogenic in chickens but not in ducks. These H5N1 viruses were again eradicated by the slaughter of poultry, only to be replaced by additional genotypes in 2002. In February 2003, the H5N1 bird influenza virus reemerged in a family in southeastern China, including Hong Kong. 52) Infection with H5N1 virus in the father and the son was confirmed. From December 2003, H5N1 virus, a highly pathogenic bird influenza virus, spread over many Asian countries, including China, South Korea, Japan, Thailand, Vietnam, Indonesia, Malaysia, Cambodia and Laos (reviewed by Lipatov et al.) . 53) This virus had killed nearly 100 million chickens in Asia and at least 12 peoples in Thailand and 20 people in Vietnam by November 2004. Additional H5N1 virus isolates from various avian species (duck, quail, goose, crow, and native birds) were reported during the outbreak. Results of genomic analysis of H5N1 avian influenza A viruses isolated in Thailand have been reported. 54) The H5N1 virus was also isolated from tigers and leopards in Thailand. 55) Recently, Kuiken et al. 56) showed that domestic cats can be experimentally infected with H5N1 virus and suggested that cats may act as an intermediate host between birds and humans. It has also been reported that the H5N1 virus was isolated from pigs in Vietnam and China, pigs having been reported as an intermediate host between birds and humans. Thus, the H5N1 viruses can easily jump the wall of host range restriction.
The molecular mechanism of H5N1 transmission to humans in Vietnam and Thailand in 2004 is unclear. In H5N1 viruses recently isolated from humans and poultry in Thailand and Vietnam, amino acid residues at the receptor binding pocket of HA1,-that is, positions Gln222 and Gly 224 (positions 226 and 228 for H3 influenza numbering), retain configurations (Neu5Ac2-3Gal linkages) predicted to have affinity for avian cell-surface receptors.
51) The substitution Ser227Asn identified in viruses isolated from two patients with H5N1 influenza who had visited Fujian Province in China in 2003 48, 52) was not seen in any other H5N1 viruses. Transmission of avian H5N1 viruses to humans in Hong Kong, 57) Vietnam, and Thailand may have involved the direct exposure of humans to a high concentration of the H5N1 bird influenza virus. Fortunately, there is no conclusive evidence so far of human-to-human transmission of H5N1 viruses, but the molecular mechanism of the transmission of H5N1 viruses to other animals, including humans, is still not known. Humans do not have immunity to H5. With its high pathogenicity, if H5N1 acquires a mutation that allows human-to-human transmission, the virus will quickly spread and cause a greater pandemic than 1918 Spanish flu (H1N1) that killed at least 20 million people worldwide. We focused that host range selection of receptor binding specificity of the A virus hemagglutinin occurs during the maintenance of the virus in different host cells that express different receptor sialo-sugar chains. This host range selection is processed by host cell receptor level 24, 26, 28) and also by antibody pressure, 33) because the change in receptor binding specificity (Neu5Ac2-6Gal→Neu5Ac2-3Gal and NeuGc2-3Gal) appears as substitution of amino acids (Leu226→Gln, Ser228→Gly) located in the receptor-binding pocket of the viral hemagglutinin. 26, 28) Ito et al. and we also confirmed that epithelial cells in the pig trachea have receptor sialosugar chains that bind both bird and human influenza A viruses (Neu5Ac2-6Gal for humans and Neu5Ac2-3Gal for birds). These results indicate that pigs may serve as an important mixing vessel of human and bird influenza viruses in nature. 28, 29) A pandemic influenza is most likely to result from reassortment of genome subunits between avian and human influenza viruses, possibly as a result of co-infection of an intermediate host. However, there have recently been instances of direct infection of humans by avian influenza viruses of types H5N1, H9N2 and H7N7. Severe disease and fatalities have accompanied the outbreaks of H5N1 infection in East Asia. It is clear that the evolution of a novel pandemic influenza virus remains a rare event and that several restrictions have to be overcome before a virulent and transmissible virus makes its appearance. The H5N1 isolates in Hong Kong in 1997 were purely avian gene, without human gene. This may be one reason for the ineffective transmission to humans. It was the first case of avian influenza virus jumping directly from birds to humans without pigs as the mixing vessel. Human airway epithelium also contains both receptors for human viruses (2-6-linked sialic acids) on non-ciliated cells and receptors for avian viruses (2-3-linked sialic acids) on ciliated cells. 34) Therefore, there is a possibility that if a person who has got highly pathogenic H5N1 avian influenza and a human influenza such as H3N2 subtype that is currently circulating worldwide at the same time, that person may be a "mixing vessel" for a deadly influenza that could be easily transmitted among humans.
The gene of the hemagglutinin and receptor binding specificity of the H5N1 virus have been reported to be an avian type (SA2-3Gal specific) . 58) However, if the avian H5N1 virus acquires a mutation in receptor binding properties from avian type to human type (SA2-3Gal→SA2-6Gal) by the reverse mechanism of only two sets of amino acid exchange described above (Gln222→Leu; Gly 224→Ser, shown as a numbering of H5; Gln226→Leu; Gly228→Ser, shown as H3 subtype numbering), which allows human-to-human transmission, this highly pathogenic virus will spread quickly cause a pandemic. We have already observed that receptor binding specificity of hemagglutinin has changed during circulation in humans since its introduction from avian viruses. 25) Highly pathogenic and potentially pandemic H5N1 avian influenza viruses have become endemic and are now resident in Asia, and they may not be easily eradicable 51) . Long-term control measures are required to reduce this threat to public and veterinary health in this region and potentially the world. It is imperative that outbreaks of H5N1 disease in poultry in Asia are rapidly and effectively controlled.
In 1999, H9N2 bird influenza virus was also transmitted to two children in Hong Kong and caused mild influenza. Matrosovich et al. 59) and our group 30) demonstrated that the H9N2 influenza viruses have acquired a preference for binding to Neu5Ac2-6Gal receptors like the human strain, indicating that this virus has a potential to cause human-tohuman transmission, although such a case has not yet been reported. H9N2 viruses have also been detected in pigs in Hong Kong 60) and are now panzootic in domestic poultry in Eurasia. 61) These findings indicate that H9N2 viruses have a potential role as pandemic influenza agents.
In March 2003, pathogenic H7N7 subtype of avian influenza A virus emerged in poultry in The Netherlands. The virus was transmitted to humans. One veterinarian died, and the virus caused conjunctivitis in at least 82 people. 62, 63) Re-ceptor binding specificities of the virus H7N7 isolated from chickens and humans and the molecular mechanism of viral transmission from birds to humans are still unknown. The recent human infections with H5N1, H9N2 and H7N7 avian influenza viruses give a threat of generation of new mutated influenza viruses that can spread easily from one person to another, a situation that could set the stage for a worldwide outbreak of a highly pathogenic influenza virus.
ROLE OF THE NEURAMINIDASE SPIKE FOR THE HOST RANGE OF INFLUENZA VIRUSES
We obtained evidence that neuraminidase (NA) spike mutations can contribute to the adaptation of influenza A virus to new host environments and hence may play a role in the transmission of a virus across species. 64) To determine the mechanisms of the adaptation of influenza A viruses to new environments and acquisition of the ability to cause epidemics or epizootics, we produced cell lines with reduced expression of terminal sialic acid residues on the cell surface, and we passaged influenza A virus in this altered cellular environment and determined the molecular basis of the subsequent growth adaptation. One of the cell lines had less than 1/10 of the amount of Neu5Ac in its parent cell line. When serially passaged in this cell line, human H3N2 viruses lost sialidase acticity due to a large internal deletion in the NA gene, without alteration of the hemagglutinin gene. These findings indicate that NA mutations can contribute to the ability of influenza A viruses to adapt to new environments and that this property enables the virus to jump host species barriers.
New pandemic influenza A viruses seem to be generated by transmission of avian viruses to other animal species or by genetic reassortment between avian and other host viruses.
11)
Avian influenza A viruses circulating in wild water foul replicate well in their intestine, and progeny viruses have been isolated from their feces, indicating that the biologically active virus is carried through oral and digestive tract systems where acidic condition in stomach and gizzard is present, whereas human viruses replicate in respiratory systems. Avian viruses, therefore, must be stable in acidic digestive systems. Replication of human-avian reassortant influenza A viruses in ducks showed that reassortant viruses with the NA gene from the human strain and all other genes from the duck virus failed to infect the duck intestine by oral inoculation. 65) In addition, a reassortant virus containing the NA gene from the 1957 pandemic human strain, A/Singapore/1/ 57 (H2N2), but not a reassortant virus with the NA gene from later human viruses (H2N2), replicated in the intestinal tracts of ducks, 66) suggesting that the biological property of duck virus NA contributes to the host range restriction and that the property was inherited in the 1957 human pandemic virus NAs. We found that duck influenza A viruses as well as 1957 H2N2 and 1968 H3N2 human pandemic influenza A virus strains possess sialidase activity even under low pH conditions but that human H3N2 strains isolated after 1971 do not possess such activity. 67) We investigated the transition of avian (duck)-like low-pH stability of sialidase activities with the evolution of N2 neuraminidase (NA) genes in human influenza A virus strains, and we found that the NA genes of H3N2 viruses isolated from 1971 to 1982 had evolved from side branches of NA genes of H2N2 epidemic strains isolated in 1968 that were characterized by low-pHstable sialidase activities, though the NA genes of the 1968 pandemic strains retained the low-pH-stable sialidase activities. These results suggested that the prototype of the H3N2 epidemic influenza strains isolated after 1968 probably acquired the NA gene from the H2N2 low-pH-unstable strains by second genetic reassortment in humans. Only 2 amino acid substitutions are involved in the low-pH stability of sialidase activity of influenza A viruses; the exchange of Arg344→Lys and Phe466→Leu in duck influenza virus neuraminidase spike remarkably reduced the degree of low-pH stability of sialidase activity. Both of the amino acid residues are located near known calcium ion-binding sites. 68) Mutant influenza A viruses that included N2 NA genes having different pH stability of sialidase activities were generated by plasmid-driven reverse genetics systems. NA mutant viruses expressing avian-type amino acids at positions 344Arg and 466Phe showed a significant ability to replicate in the mouse lung, indicating low-pH stability of sialidase activity is responsible not only for the host range of the virus but also for the replication and probably pathogenicity of the virus in target organs. 69) Neuraminidase spike is also important for the initiation of influenza virus infection in human airway epithelium. 70) To detect signs of change in transmissibility of H5N1 avian influenza virus to humans, long-term surveillance of the receptor binding specificity of the hemaggltinin spike and the low-pH stability of sialidase activity of the neuraminidase spike will be essential in addition to the surveillance of the ordinary antigenic drift of viral genes and proteins.
DEVELOPMENT OF NEW ANTI-INFLUENZA DRUGS -A NEW INFLUENZA VIRUS HEMAGGLUTININ AND/OR NEURAMINIDASE INHIBITORS-
The human population is most vulnerable to influenza viruses that have new antigenic properties. The control of a newly emerged, transmissible and potentially pandemic influenza virus is very difficult. Such a virus spreads efficiently from infected to noninfected hosts. The 1918 Spanish influenza had ability to spread throughout the world within several months and killed more than 20 million people. With it's high pathogenicity, if H5N1 becomes transmissible to humans, it may be just like the Spanish flu (H1N1) in 1918. It now takes about 4-6 months to prepare an appropriate vaccine. Although advances in reverse genetics will shorten this time, several months will still be needed to prepare a vaccine. During the period between detection of a pandemic strain and the availability of vaccine, antiviral drugs will be essential. There are four antiviral agents available to treat influenza. Amantadine and rimantadine are drugs that inhibit uncoating steps of the virus by blocking ion channel activity of the viral M2 protein of influenza A viruses. [71] [72] [73] Both are effective against influenza A but not against influenza B. Much interest has recently been shown in the new antiviral class neuraminidase inhibitors zanamivir 74) and oseltamivir 75, 76) for treatment of influenza. Zanamivir is a sialic acid analogue developed by rational molecular design with a three-dimensional structure of neuraminidase spikes. 74) Zanamivir and oseltamivir carboxylate block the step of the release of the progeny virus from infected cells which is processed by the function of the neuraminidase spikes. They are effective for both influenza A and B viruses. M2 blockers develop drug-resistant variants rapidly, and these drug-resistant variants are fully pathogenic and transmissible to close contacts. 53, 77) Influenza virus mutants with reduced susceptibility to zanamivir or oseltamivir carboxylate have been selected. One mutant accompanied by mutations in or near the HA receptor-binding site and reduces the efficiency of virus binding to cellular receptors, 78) While others lead to amino acid substitutions at the conserved residues in the active site of NA, most frequently at positions 292 (Arg→Lys), 119 (Glu→Val), [79] [80] [81] [82] and 294 (Asn→Ser). 83) A large percentage (18%) of specimens collected from 50 children who had been treated with Oseltamivir carboxylate were resistant for the drug 83) . In order to develop new anti-influenza drugs, the following conditions may be required: 1) effectiveness against both influenza A and B viruses, 2) effectiveness against all reassortants of influenza A viruses, i.e., effectiveness against all hemagglutinin and neuraminidase subtypes of influenza A viruses, 3) effectiveness against all mutants with amino acid substitution of viral protein, 4) no production of mutants with drug resistance, and 5) safe for patients.
We developed several anti-influenza virus agents that inhibit the function of hemagglutinin and/or neuraminidase spikes. Hemagglutinin and neuraminidase spikes are directly involved in the attachment and budding of viral particles to and from the host cells, respectively. Both recognized sialyl oligosaccharides are expressed on the cell surface. Hemagglutinin is responsible for attachment of viral particles to the host cells through a specific receptor-ligands interaction and NA catalyzes the hydrolysis of such ligands to allow the virus to escape from the cell during the budding process. 76, 77) Therefore, it is thought that effective inhibition of viral replication can be achieved by disrupting both processes.
The compound Neu5Ac3aF-distearoyl phosphatidylethanolamine in which the C-3 position was modified with an axial fluoride atom inhibited the catalytic hydrolysis of influenza virus sialidase as well as the receptor binding and hemolytic activity of hemagglutinin. 84, 85) C-3-modified sialyl distearoyl phosphatidylethanolamine derivatives are resistant to the hydrolysis by influenza virus sialidase activity. Synthetic sialylphosphatidylethanolamine derivatives also bind to human influenza A viruses and inhibit viral infection. 86) The cyclic peptide cyclo (Ser-Gly-Gly-Gln-Ser-His-Asp) 3 is an excellent scaffold for the synthesis of a cyclic glycopeptide carrying GM3 ganglioside oligosaccharides (Neu5Aca2-3Galb1-4Glc) with a potent inhibitory effect on the hemagglutination induced by influenza viruses. Tridentate binding of the glycopeptide has been shown to produce a greater inhibitory effect than that produced by di-or monodentate binding. The shape of the glycopeptide protein scaforld, which is determined by the amino acid sequences employed, is also found to be significant in determining the inhibitory activity. 87) We also developed glycopolymers containing multivalent sialyloligosaccharides (Neu5Aca2-3Galb1-4GlcNAcb1-, Neu5Aca2-6Galb1-4GlcNAcb1-, Neu5Aca2-3Galb1-3Gal-NAca1-, Neu5Aca2-3Galb1-3GalNAcb1-) with a poly (Lglutamic acid) backbone, 88) triantennary oligosaccharide branches (Neu5Aca2-3Galb1-4GlcNAcb1-, Neu5Aca2-6Galb1-4GlcNAcb1-) with a polyacrylamide backbone, 89) and sialyllactose (Neu5Aca2-3Galb1-4Glcb1-; Neu5Aca2-6Galb1-4Glcb1-) with a polystyrene backbone 90) that inhibit the receptor binding function of the hemagglutinin of influenza viruses. The glycopolymer inhibited the hemagglutination of influenza A virus, and its activity level was 10 3 -times higher than that of the oligosaccharide itself, indicating that clustering of the sugar chain in the polymer backbone may be important for inhibitory activity of the viral hemagglutinin. 90) A macrocyclic sialic acid cluster inhibits human influenza virus (H1 and H3 subtypes) hemagglutination. 91) A lyso GM3 ganglioside to which hydrophobic molecule (BODYPY) was linked/poly-L-glutamic acid conjugate was designated. This found to be a picomolar inhibitor of influenza virus hemagglutin.
92)
N-Acetyl-6-sulfo-b-D-glucosaminides (6-sulfo-GlcNAc) having structural homology to Neu5Ac and Neu5Ac2en, an inhibitor of influenza virus sialidase activity, have been designed, 93) and it was found that p-nitrophenyl (pNP) 6-sulfoGlcNAc inhibited the virus sialidase activity (IC 50 ϭ2.8 mM), though pNP GlcNAc without a 6-sulfogroup and pNP 6-sulfoGlcNH3 ϩ without 2-NHAc showed little activity (IC 50 Ͼ 50 mM).
93) The activity was enhanced nearly 100 fold when the pNP group of pNP 6-sulfo-GlcNAc was converted to a pacetamidophenyl one (IC 50 ϭ30 mM) or was replaced with a 1-naphtyl (IC 50 ϭ10 mM) or n-propyl one (IC 50 ϭ11 mM). 2-Deoxyy-2,3-didehydro-N-acetylneuraminic acid analogs modified at the C-4 and C-9 positions inhibit the sialidase activity of influenza viruses. 94) Tris-bipyridineruthenium complexes carrying a disialo complex-type oligosaccharide were prepared via one-pot transglycosylation using endo-glycosidase M. They bind to influenza A viruses with excellent affinity (IC 50 ϭ8.4 mM), and their luminescence intensity was strongly depressed by virus binding. 95) These compounds may be useful as specific sensors for detection of influenza viruses.
A non-sialylated inhibitor may be useful as an anti-hemagglutinating agent due to its resistancy against the sialidase acticvity of the neuraminidase spike of the virus itself.
We isolated a unique phosphatidylinositol bearing a novel branched-chain fatty acid from an aquatic bacterium that strongly binds to influenza virus hemagglutinin and inhibits the virus infection. 96) Non-sialylated but sulfated acid glycosphingolipid, i.e., sulfatide (HSO 3 -Galb1-1ЈCeramide) binds to human and other animal influenza A viruses and inhibits viral infection. 97) Sulfatide also strongly inhibits the sialidase activities of influenza A viruses in a pH-dependent manner, non-competitively. 98) Influenza virus infection of desialylated cells 99) and involvement of the mannose receptor in infection of macrophages by influenza virus 100) have also been reported.
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